This study presents a finite element method (FEM) optimization strategy to enhance the solidification of molten aluminum alloy in the HPDC process for the production of bulk metal matrix composites. A Computational Fluid Dynamics (CFD) approach based on the Explicit Volume Fluid Multiphase (EVFM) model was applied in the ANSYS FLUENT software environment to analyze the effect of pressurized melt infiltration and thermal loading on deformation, heat flux variations and solidification profiles during solidification processing of aluminum alloy composite in a squeeze cast die of varying thicknesses ranging from 3-24 mm. The associated turbulence was accounted for by the k-ϵ model. The results indicate that the resistance to deformation was not significant for die thicknesses within the 5-15 mm range, but this property increases sharply at a constant rate as the die thickness exceeds 15 mm. The heat transfer characteristics for the 15-21mm die are considered as optimal for controlled melt solidification. The solidification profiles suggested that heat flux variations were most critical for the 3, 6 and 9mm die thicknesses, while the capacity to dissipate heat at a constant rate was achieved for die thicknesses of 12, 15 and 18 mm. The experimental validation of the numerical analysis suggested that mechanical properties of the castings vary non-linearly with the applied squeeze pressure.
INTRODUCTION
Metal matrix composites (MMCs) are state-of-the-art, advanced materials systems possessing attractive physical and mechanical properties (high specific modulus, strength, thermal stability, etc.) that are most suitable for developing high quality products with significant enhancements in mechanical performance and efficiency. They are regarded as candidate materials for several weight-critical, sensitive and cutting-edge applications in the aerospace, marine, military and transportation industries (Paramsothy et al., 2011; Su et al., 2012; Thunemann et al., 2007) . The methods for the synthesis and development of metal matrix composites are extensively reported in the literature (Su et al., 2012; and Thunemann et al., 2007 and Miracle, 2005) .
In recent times there is a growing emphasis to develop bulk MMC's with significant improvements in mechanical properties. This has prompted many material formulation strategies to focus on the modifications of 'in situ' techniques to overcome the limitations imposed by micro-porosity, uneven distribution of reinforcements, poor wettability and interfacial reactions. As a result, methods for fabricating MMCs based on reactive wetting mechanisms, semi-solid processing, solid-state hybrid production processes, etc., have been proposed and are currently gaining attention worldwide (Chen et al. 2013 ., Salehi et al., 2012; Beygi et al., 2012; Rodriguez-Suarez et al., 2012) . These techniques have been developed based on the understanding of the solidification phenomena and are quite promising for the fabrication of MMCs of high metallurgical integrity, but the major drawback is that they are economically-prohibitive and extremely challenging to be scaled up for the production of bulk MMCs. Hence, it is incumbent to develop cost-effective and realistic framework/strategies towards achieving the goal of maximum industrial resource utilization of MMCs.
In furtherance of research efforts with respect to the foregoing, various solidification mechanisms have been proposed to facilitate the development of bulk MMCs by 'ex situ' techniques i.e., rapid solidification. According to Anish et al. (2012) , rapid solidification processing by high pressure die casting (HPDC) is a cost-effective means of producing near net-shaped parts with high tolerances requiring little or no further secondary processing. However, the extreme turbulence and high solidification rates associated with this process makes the use of existing solidification theories inapplicable (Braszczynski and Zyska, 2000; Song et al., 2014) . Nonetheless, it has been suggested that by controlling the solidification phenomena, opportunities do exist for improving the HPDC process for MMCs production (Anish et al., 2012) . For example, Celentano (2002) , developed a model considering microstructure based liquid-solid phase change effects for a solidifying alloy defined in a finite strain thermo-plasticity framework. The relationship between microstructure to alloy content and casting conditions has been studied by Dargursch et al. (2010) while, the optimization of the HPDC processes emphasizing the effect of cooling efficiency in improving the quality of castings had also been carried out (Amin and Mufti, 2012) . Furthermore, the smoothed particle hydrodynamics (SPH) concept has been applied to describe fluid flow involving complex free surface motion by Cleary et al. (2010) . Gelebart and MondonCancel (2013) , has similarly applied the conjugate gradient method (CGM) to describe the influence of interfacial heat transfer coefficient during melt processing. Although there seems to be no widely accepted model describing metal-melt solidification processes, the foregoing investigations have established that by increasing the solidification rates during HPDC, improvements in mechanical properties of the castings can be achieved. However, most of these investigations did not take into consideration the relationship between the die wall design characteristics and the casting parameters, which may introduce significant constraints during melt solidification. This is very crucial since die design is still dependent on the experience of operators, while the slow development of analytical concepts to facilitate the understanding of the interplay of interactions that coexist between die designs and processing variables makes it inherently difficult to closely control the effectiveness of die operations and the quality of castings.
This current paper presents a numerical approach to investigate how the knowledge of the effects of variations in heat transfer characteristics as influenced by die wall thermal profiles during the solidification of a two-phase media can be made applicable to the construction of a cost-effective HPDC device suitable for the fabrication of bulk particle-reinforced aluminum matrix composites.
Numerical modelling Theoretical formulation and model description
The die design concept begins with the development of a cylindrical shell of a variable thickness where the space inside the shell is composed of a liquid phase material (aluminum alloy) and a solid phase (ceramic substrate) composed of a network of interpenetrating pores filled with air. Both phases are heat conducting under the conditions of forced melt flow induced by a pressure differential. The phase change material is at an elevated temperature T2 while the solid phase is at a lower temperature T1 at any instant of time t > 0. The outer boundary surface is subjected to a uniform temperature T maintained at the same temperature with the solid phase but lower than the liquidus temperature of the phase change material. A pressurized infiltration process is applied to the phase change material and assumed to be complete as soon as the pores in the ceramic substrate are filled at time t2 > t1 where, t1 and t2 are the time at the beginning and end of solidification. A schematic of this process is shown in Figure 1 .
Finite element analysis
A combined heat transfer and phase change problem is posed and defined as a discrete optimization process to evaluate the quality of the cast produced by analyzing the interplay of the following design constraints:
• Wall thickness (affects weight, material integrity, heat transfer rate and cost) • Design Pressure (affects material Integrity, quality of cast and energy needed) The input process parameters are shown in Table 1 . The concept of 'branch and bound' matrix design was applied to vary the effects of the parameters, where the wall thickness, pressure, initial temperature and heat transfer coefficient are investigated sequentially. This technique does not consider the design factors as continuous variables at each level but rather, a specific value of each variable is selected. This is required to reduce the number of iterations needed and the ease of using the Fluid Structure Interactions option in ANSYS Workbench. 
Model constraints
The following assumptions were considered in the simulation process:
(i) The liquid phase is viscous Newtonian fluid and the flow is assumed to be turbulent with no viscous dissipation (ii) The air and liquid are both homogenous and isotropic. (iii) The ideal gas equation of state is used to model the air density. (iv) Material properties are constant and there is no heat resistance between the phase change material and the die wall. (v) Gas-liquid surface tension effects are negligible.
(vi) The density of the cast product is one-half that of the die material.
The governing equations are based on the standard k-ߝ turbulence model given by:
The energy conservation for the fluid is described by;
The energy conservation for the die is given by;
Model implementation and simulation strategy Fluid Structure Interactions option in ANSYS Workbench was applied for the simulation and solution of the heat transfer and phase change problem. Initially, the die and fluid assembly were created as a Computer Aided Design (CAD) output in Autodesk Inventor environment and exported to the ANSYS Workbench Graphical User Interface (GUI). Different die thicknesses were created as separate configurations as shown in Figure 2 . A one-half domain was modelled based on the assumption of symmetry of a cylinder to reduce computational time. Subsequently, a FLUENT transient structural and transient thermal analysis was setup in the project schematic space for the analysis, to get the flow properties (pressure, velocity, viscosity, turbulence properties). The output from the fluid was then transferred to the Transient Structural Analysis and the Transient Thermal Analysis environment. The thermo-physical and material properties used in the analysis are shown in Table 2 . The interaction between porosity and melt flow was described by the physical velocity formulation criterion and the porosity factor was set to 70 % for all iterations. The multiphase model was set up to be composed of air and molten aluminum as the primary and secondary phases. The boundary conditions for the walls were specified as "convective walls" with heat transfer coefficients parameters chosen within the coefficient range for forced air cooling. The molten metal pouring was simulated at the inlet as a viscous fluid flow forced through a permeable membrane at the rate of 0.5kg/s and at a temperature of 900 K. The pressure at the inlet was varied between 40 and 100 MPa. The conservation equations of mass, linear momentum and energy were solved by the control volume technique, which employs an implicit scheme based on a SIMPLE algorithm (Zhou et al., 2013) . The solution time domain is specified at a cycle of 0.5 s time-step and a total of 600 time-steps were carried out for all the iterations. Subsequently, the time step profile corresponding to the onset of melt solidification was obtained for each die configuration. At the wall boundary, a system coupling condition was added to the walls so as to export its result to the other connected analysis systems.
The effect of pressure application on die deformation
The structural analysis was implemented to examine the effect of thermal and pressure loadings in the die throughout the duration of the solidification process. The material used for the die was H-13 steel and the fluid zone was aluminum alloy. A bonded contact condition governs the cast zone and the die zone interface since the domain of interest in this analysis is the die and not the cast. The enthalpy-porosity constraint was used to track the motion of liquid-solid interface. The effect of temperature of the cast on the die was described by a thermal condition placed on the die. Auto time stepping was implemented with a minimum time step of 2 s and a maximum time step of 10 s. The output from this analysis were the deformation, equivalent stress, equivalent strain and strain energy.
Determination of heat flux variations
The effect of temperature variations throughout the entire duration of the solidification process was analyzed. A bonded contact condition governs the interface between the cast zone and the die zone just as it was in the structural analysis. A convection boundary condition was fixed at the side walls of the die. The base of the die was assumed to be insulated due to the fact that the actual die would be placed on the surface. Auto time stepping was implemented with a minimum time step of 2 s and a maximum time step of 10 s. The output from this analysis were the temperature and heat flux at the various time steps.
RESULTS AND DISCUSSION

Fluid-structure interaction and thermal analysis
The optimization criteria were performed for all die configurations and the results were presented based on the solidification time, deformation and heat flux at the boundaries. The plot of the maximum deformation of each die thickness as influenced by thermal expansion is shown in Figure 3 . It was observed that no significant difference exists in regard to the effect of pressure application as the die thickness increases from 5-15mm. As a result, a constant solidification rate is expected to occur within this range as the energy transfer process is expected to be governed by natural convection.
However, the resistance to deformation increases sharply as the die thickness exceeds 15mm. A higher solidification rate is expected in this region during pressurized melt-infiltration and thermal loading as the effect of conduction is evident. The variation in heat conduction of the die as the thickness increases, provides opportunities to increase the Newtonian heat transfer and higher heat transfer coefficients which would ultimately enhance the integrity of the castings (Bertelli et al., 2012) . Figures 4 and 5 show the relationship between the die thickness and the von Mises stress and equivalent strain induced in the material. In general, it was observed in both cases that die thickness increases with deformation. However, with respect to all die configurations investigated, the variation in resistance to deformation was fairly constant for the range of 15-20 mm die thickness. The plot in Figure 6 shows the relationship between the die thickness and the maximum heat flux of the die during solidification. It was observed that the heat flux remained constant as the die thickness increases from 10 -25mm. However for thicknesses between 3 -5mm, the heat flux was very high suggesting that the casting process may be characterized by extreme turbulence ahead of the solidification front and causing the molten metal to solidify before filling the porous medium. Furthermore, by comparing the heat flux of the whole system to that of the die alone as shown in Figure  7 , it is evident that more heat is dissipated from the die as compared to that dissipated from the cast itself, whereas the other die configurations dissipate almost equal amount of heat from the die and the cast. 
Solidification profiles
The solidification profiles are presented in Figure 8 with reference to heat transfer characteristics of the die-cast system during the process of pressurized molten metal infiltration. The isotherms indicate that significant variations exist in the intensities of the heat flux as the die thickness increases. The effect of these variations can be related to the capacity to dissipate heat at a constant rate and the dynamics of phase formation in relation to composite material microstructure. These plots suggested that the process of heat dissipation is most critical for the 3, 6 and 9 mm die configurations as the rate of heat loss could be very substantial based on a predetermined level of heat transfer coefficient to be implemented for the solidification process, which could in turn promote the formation of porosities from cold fills. In regard to the performances of the 12, 15 and 18mm die design configurations, the variation in heat flux patterns is quite significant but this trend reaches a peak at the 21mm die configuration. The slope of these curves are also not so steep in this domain suggesting that the solidification rate would be a relatively slow but gradual process. Further significant heat flux variation was observed to exist between 21 and 24mm die design configurations and this effect on one hand, could probably provide opportunities for the enhancement of microstructures in practice, but on the other hand, it may be quite prohibitive to closely control the heat transfer process between these design points as there exists an upper limit to the time required for effective infiltration during the process of rapid solidification of aluminum matrix composites (Vijian and Arunachalam, 2007) . Therefore, from a die design perspective it would be economical to select a die thickness of 18mm-21mm to maximize the heat transfer potential for the die-cast system. 
Die configuration selection criteria by optimization
On the basis of the numerical analysis, the die thickness of 18mm was considered as most appropriate for the construction of the squeeze cast die for the fabrication of the aluminum alloy metal matrix composite. A combined contour plots showing the details of the analysis is presented in Figure 9 . However, a die thickness of 20mm was eventually selected to account for the influence of uncertainties and assumptions made in the design process.
Experimental validation
A squeeze casting process was implemented for the production of aluminum alloy matrix composite by infiltrating molten aluminum alloy 6061 into the porous membranes of prefabricated ceramic substrates (preform). The preform was composed of a 2:1 blend of Al2O3 (20 µm) and SiC (7-10µm) possessing approximately 60-70% porosity. A custom-built squeeze casting apparatus equipped with electrical heating facility ( Figure 10 ) was designed based on the output of the numerical analysis optimization and set up in conjunction with a 100-tonne, vertical hydraulic press for direct squeeze casting (Figure 11) . A K-type thermocouple centrally-positioned in the die block was connected to a digital thermometer to measure the temperature changes.
During composite material fabrication, the preforms were preheated to 300 0 C and the molten matrix alloy AA 6061 maintained at a temperature 750 0 C was infiltrated into the prefabricated preform under applied pressure of 50, 70 and 90 MPa. The pressure holding time for the entire process was maintained at 15 s. Subsequently, the aluminum matrix composite containing 10 % volume fraction of hybrid reinforcements (Figure 12 ) was withdrawn from the die. The composite material was sectioned for metallographic studies and then tested in accordance with ASTM B557 standard for tensile behavior. The micrograph shown in Figure 13 , indicates that the homogenous distribution of reinforcements in the matrix alloy was achieved. The mechanical properties shown in Table 3 were found to vary non-linearly with squeeze pressure. This confirms that a controlled solidification process is required to enhance the mechanical properties of aluminum alloy matrix composites produced by pressurized infiltration and rapid solidification. 
CONCLUSION
i. The analysis of die deformation under the conjoint action of pressure and thermal loadings during solidification processing indicate that there is no significant difference in the resistance to deformation for die thickness within the range of 5-15mm, but this property increases sharply at a constant rate as the thickness exceeds 15mm. ii. The heat transfer characteristics for die thicknesses in the range of 5-15mm cannot be considered as favourable for a controlled melt solidification in the HPDC process, but as the die thickness increases beyond 15mm, the higher heat transfer coefficient due to conduction can be beneficial for improving the quality of castings. iii. The solidification profiles suggested that heat flux variations are most critical for the 3, 6 and 9mm die thicknesses while the capacity to dissipate heat at a constant rate was achieved for die thicknesses of 12, 15 and 18mm. iv. A die thickness selected within the range of 15-18mm was found to be most economical for the solidification processing based on the framework presented in this study. v. The experimental validation of the solidification modelling indicates that the mechanical properties of the castings vary non-linearly with squeeze pressure.
